The inflammatory response is a physiological process that is essential for maintaining homeostasis of the immune system. Inflammation is classified into acute inflammation and chronic inflammation, both of which pose a risk to human health. However, specific regulatory mechanisms of the inflammatory response remain to be elucidated. Receptor interacting protein (RIP) 140 is a nuclear receptor that affects an extensive array of biological and pathological processes in the body, including energy metabolism, inflammation and tumorigenesis. RIP140-mediated macrophage polarization is important in regulating the inflammatory response. Overexpression of RIP140 in macrophages results in M1-like polarization and expansion during the inflammatory response. Conversely, decreased expression of RIP140 in macrophages reduces the number of M1-like macrophages and increases the number of alternatively polarized cells, which collectively promote endotoxin tolerance (ET) and relieve inflammation. This review summarizes the role of RIP140 in acute and chronic inflammatory diseases, with a focus on insulin resistance, atherosclerosis, sepsis and ET.
Introduction
Nuclear receptors regulate cell function by controlling the expression of specific gene networks. They are essential for the regulation of energy metabolism and immune homeostasis (1) . Receptor interacting protein (RIP) 140 is a ligand-dependent nuclear receptor that controls the transcription of target genes in various tissues, including adipose, skeletal muscle, cardiac muscle, liver and tumor tissues (1) (2) (3) . RIP140 functions as a metabolic switch that regulates numerous metabolic pathways involved in defensive functions via interaction with transcription factors (4) . As a co-repressor, RIP140 facilitates high-fat diet-induced obesity, increases energy expenditure and induces insulin resistance (5, 6) . In addition, RIP140 affects tumorigenesis and tumor metastasis via the E2F transcription factor and wingless-type mouse mammary tumor virus/adenomatous polyposis coli/β-catenin signaling pathways (7) (8) (9) . As a co-activator, RIP140 activates nuclear factor κB (NF-κB) and promotes the expression of proinflammatory cytokines, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6 in immune cells, particularly in macrophages (10) . Furthermore, NF-κB-mediated degradation of the RIP140 co-activator may induce endotoxin tolerance (ET) (11) . Type 2 diabetes and cardiovascular diseases are the result of insulin resistance and atherosclerosis, respectively. These metabolic disorders are macrophage-mediated chronic inflammatory diseases (1) . Sepsis is a systemic inflammatory response syndrome (SIRS) and is a common clinical disease. ET may significantly alleviate the inflammatory response and reduce the mortality rates of individuals with sepsis and septic shock (12) . The present brief review summarizes the role of RIP140 in the macrophage-mediated inflammatory response involving insulin resistance, atherosclerosis, sepsis and ET.
Macrophage-mediated insulin resistance and obesity resulting from RIP40 in adipose tissues
Insulin resistance and obesity are important factors in the development of metabolic syndromes, and pose a significant threat to human health. It has previously been demonstrated that the inflammatory response of macrophages in adipose Transcriptional co-regulator RIP140: An important mediator of the inflammatory response and its associated diseases (Review)
tissues appears to result in insulin resistance in the skeletal muscle (13) . Insulin resistance is a hallmark of type 2 diabetes and metabolic syndrome. A high level of free fatty acids (FFAs) in the blood plasma has been identified as an important mediator of obesity-associated insulin resistance in the skeletal muscle (14) . Adipocytes demonstrate the ability to synthesize and store a large quantity of triglycerides (TG). Adipocytes may additionally hydrolyze and release TGs as FFAs and glycerol during fasting. These properties of adipocytes maintain a dynamic equilibrium between FFA release into the circulation and FFA uptake and oxidation by the peripheral tissues, primarily in skeletal muscles. Kelley et al (15) demonstrated that elevated levels of circulating FFAs may lead to insulin resistance in the peripheral tissues of animals and humans.
Adipose tissue may be classified as white adipose tissue (WAT) or brown adipose tissue (BAT). WAT is primarily observed in adults, whereas BAT is primarily observed in infants (16) (17) (18) . Numerous studies have demonstrated that macrophages in adipose tissue represent ~50% of the total number of cells in high-fat diet-induced obese patients. However, this value decreases to ~5-10% in people of a healthy weight (19) (20) (21) . In mice fed on a high-fat diet, the level of RIP140 expression in macrophages is elevated, which promotes macrophages to undergo M1-like polarization. In addition, a high-fat diet enhances macrophage recruitment to WAT and facilitates insulin resistance (22, 23) . By contrast, knockout of RIP140 in monocytes or macrophages decreases the level of RIP140 expression in differentiated macrophages and promotes an anti-inflammatory phenotype via M2-like polarization, which increases insulin sensitivity (22-24).
Macrophage-mediated chronic inflammation in adipose tissue promotes the release of FFAs from adipocytes, which is associated with the development of insulin resistance in skeletal muscles. Adipocytes and macrophages secrete a significant quantity of monocyte chemoattractant protein-1 (MCP-1)/chemokine (C-C motif) ligand-2 (CCL2), TNF-α and IL-1, which induces an inflammatory response in adipose tissue (25) . Transgenic overexpression of MCP-1 in adipocytes enhances macrophage infiltration in adipose tissues, which subsequently promotes the inflammatory response and induces insulin resistance in skeletal muscles. By contrast, knockout of the MCP-1 receptor chemotactic cytokine receptor 2 in adipocytes reduces the inflammatory response in adipose tissues and increases insulin sensitivity in skeletal muscles. In normal physiology, MCP-1/CCL2, TNFα and IL-1 mediate the inflammatory response in adipose tissues, which is important for metabolic regulation in adipocytes. However, when adipocytes and macrophages secrete a large quantity of these cytokines, two significant effects on adipocyte function occur; an increase in lipolysis and decrease in TG synthesis (26, 27) . These actions result in increased levels of circulating TGs and FFAs. The excess of circulating TG and FFAs leads to their accumulation in skeletal muscles, which subsequently disrupts mitochondrial oxidative phosphorylation and insulin-mediated glucose transport, thereby facilitating insulin resistance in skeletal muscle.
In people of a healthy weight, ~5% of total adipose tissue cells are macrophages, and these demonstrate an anti-inflammatory M2-like polarization state. By contrast, a large number of M1-like macrophages accumulate in the adipose Figure 1 . A high-fat diet promotes M1-like polarization of macrophages in adipose tissues. High fat diet-induced JNK1/MAPK/RIP140/AP1 and IKK are involved in the activation of NF-κB. Activated NF-κB promotes the expression of pro-inflammatory genes, which facilitates the subsequent production of TNF-α and IL-1β. High levels of TNF-α and IL-1β form part of a positive feedback system that induces the M1-like polarization of macrophages. JNK, Jun N-terminal kinase; MAPK, mitogen-activated-protein-kinase; RIP140, receptor interacting protein 140; AP1, activator protein-1; IKK, inhibitor of NF-κB (IκB) kinase-β; NF-κB, nuclear factor-κB; TNF-α, tumor necrosis factor-α; IL-1β, interleukin 1β.
tissues of patients with obesity (24) . Numerous studies have revealed that RIP140 is important for the development of the M1-like polarization characteristic of macrophages (22, 23) . Decreasing the level of RIP140 in macrophages reduced the number of M1-like macrophages and increased the number of M2-like macrophages (21) . M1-like macrophages promote the expression of pro-inflammatory cytokines, including TNFα and IL-1β, which decrease WAT browning and enhance high-fat diet-induced insulin resistance (11) . RIP140 activates the NF-κB pathway, which is the central step for the production of TNFα and IL-1β in macrophages. The Jun N-terminal kinase-mitogen-activated-protein 4-kinase-4 (MAP4K4)-activator protein-1 (AP1) and inhibitor of NF-κB (IκB) kinase-β-NF-κB-dependent signaling pathways are additionally important for the activation of NF-κB ( Fig. 1) (28-31) . High levels of TNF-α and IL-1β interact with adipocytes to promote the production of FFAs (32) . The specific mechanisms underlying this interaction remain to be elucidated; however the evidence suggests that TNF-α and IL-1β may induce peroxisome proliferator-activated receptor γ (PPARγ) at the transcriptional and translational levels (33) . PPARγ is a member of the nuclear receptor family, is a key transcriptional regulator of the uptake and storage of TG, and promotes adipogenesis (34) . At the transcriptional level, TNF-α inhibits the expression of PPARγ mRNA. This is due, in part, to TNF-α-mediated activation of the RIP140, NF-κB and AP1 signaling pathways. At the translational level, mitogen-activated protein kinase (MAPK) is a negative regulator of PPARγ protein expression. MAPK functions to decrease the expression of PPARγ and promote the release of TG and FFAs. High levels of TG and FFAs in the circulation facilitate insulin resistance in skeletal muscles (Fig. 2) (35-37) . The specific mechanisms underlying PPARγ-mediated regulation of fatty acid esterification, TG synthesis and hydrolysis remains to be elucidated. TNF-α and IL-1β promote M1-like polarization of macrophages and induce insulin resistance ( Fig. 1) (38) . The mechanism underlying IL-1β-impaired insulin sensitivity in adipose tissues may be associated with the inhibition of insulin signal transduction; however this remains to be fully elucidated (39).
Role of RIP140 in the development of atherosclerosis
Atherosclerosis is an early-stage lesion of coronary artery disease and myocardial infarction, which poses a serious threat to human health. It is known that hypercholesterolemia is an essential component for the development of various cardiovascular diseases, particularly atherosclerosis. During hypercholesterolemia, accumulating cholesterol leads to the formation of an atheroma plaque. Numerous inflammatory cells, such as macrophages, are recruited and may lead to chronic inflammation (40) . The primary function of macrophages is to scavenge excess peripheral cholesterol. However, macrophages differentiate into foam cells with long-term high levels of cholesterol in blood. The emergence of foam cells signifies the development of atherosclerosis (41) . Under physiological conditions, high-density lipoprotein (HDL) and low-density lipoprotein (LDL) maintain the dynamic balance of cholesterol metabolism. HDL transports excess cellular cholesterol from peripheral tissues to the liver, which subsequently decreases the formation of atherosclerotic plaques. By contrast, LDL transports cholesterol from the liver to peripheral tissues and facilitates the formation of atherosclerotic plaques (40, 41) . Numerous studies have demonstrated that ATP-binding membrane cassette transporter member A1 (ABCA1) and ATP-binding cassette subfamily G member 1 Figure 2 . Overexpression of TNF-α in M1-like macrophages activates RIP140/NF-κB/AP1 signaling pathways in adipocytes and inhibits the expression of PPARγ mRNA at the transcriptional level. TNF-α promotes the expression of MAP4K4. MAP4K4 inhibits PPARγ at the level of translation and enhances the secretion of FFAs. TNF-α, tumor necrosis factor-α; RIP140, receptor interacting protein 140; NF-κB, nuclear factor-κB; AP1, activator protein 1; PPARγ, peroxisome proliferator-activated receptor γ; MAP4K4; mitogen-activated-protein 4-kinase-4; TNFR, tumor necrosis factor receptor; TG, triglycerides; FFA, free fatty acids.
(ABCG1) interact with HDL to increase cholesterol efflux and promote cholesterol transportation to its lipid-depleted receptor apolipoprotein AI (apoAI), which protects against the formation of foam cells and the development of atherosclerosis (42, 43) . The specific mechanism remains to be elucidated; however it is apparent that RIP140 contributes to foam cell formation and atherosclerosis by regulating cholesterol homeostasis in macrophages. RIP140 suppresses the expression of ABCA1 and ABCG1 in macrophages and thus inhibits the efflux of cholesterol. In an in vivo study, the short hairpin RNA-mediated knockdown of RIP140 in peritoneal macrophages of mice resulted in the increased expression of ABCA1 and ABCG1, which increased cholesterol efflux (44) . Conversely, overexpression of RIP140 in macrophages reduced the expression of ABCA1 and ABCG1, and increased the accumulation of cholesterol (44, 45) .
Liver X receptor (LXR) is a nuclear receptor that promotes cholesterol efflux by directly regulating the expression of ABCA1 and ABCG1. RIP140 is a co-repressor of LXR, which inhibits LXR-mediated ABCA1 and ABCG1 signaling pathways (46) (47) (48) . However, it has been demonstrated that activation of hepatic LXR may induce lipogenesis and lead to hepatic steatosis. The enhancement of peripheral LXR activity without affecting hepatic LXR is of primary concern (47). In addition, cholesterol-responsive microRNA (miR)-33 is a negative regulator of RIP140 expression in macrophages, by directly binding to a highly conserved sequence in the 3'-untranslated region of RIP140 mRNA (49, 50) . A previous study demonstrated that cholesterol upregulates RIP140 expression by repressing miR-33 expression (49) . In addition, miR-758, miR-10b, miR-144, miR-27 and miR-26 directly repress ABCA1/ABCG1 and negatively regulate cholesterol efflux in macrophages (51) . Ultimately, the potential of RIP140 as a target for the treatment of atherosclerosis is evident (Fig. 3) (52) .
Role of RIP140 in ET
SIRS is a very common clinical condition, with severe sepsis and septic shock associated with a high mortality rate. Despite the use of numerous types of antibiotics, the mortality rate of patients with severe sepsis and septic shock remain high at ~30% (53) . During infection, a large number of bacteria permeate the blood, thus inducing an innate immune response. Lipopolysaccharide (LPS) endotoxin is located in the bacterial cell wall. A number of bacteria are killed during the innate immune response, which leads to the release of LPS into the blood. LPS activates numerous types of inflammatory cells, such as macrophages and monocytes, to promote the production of inflammatory cytokines, thus resulting in sepsis and septic shock (54, 55) . A prototypical inflammatory pathway has been established from numerous years of research. The LPS-mediated inflammatory response is induced by activating toll-like receptor 4 (TLR4) located on an inflammatory cell membrane, which facilitates TLR4-mediated activation of the downstream myeloid differentiation primary response gene 88 (MyD88). IL-1 receptor-associated kinase (IRAK) 4 molecules on MyD88 facilitate IRAK1 phosphorylation and activation. MyD88 and IRAK activate the NF-κB signaling pathway to facilitate the transcription of pro-inflammatory genes, which subsequently leads to the production of further inflammatory cytokines, including TNFα, IL-1β and IL-6 (Fig. 4A) (56-59) . Previous studies have indicated that inflammatory cells repeatedly stimulated with low-dose LPS develop ET (11, 12) . Inflammatory cytokines produced by these inflammatory cells are subsequently reduced, which reduces the incidence and mortality rate of sepsis and septic shock (53) . A more detailed understanding of the mechanisms underlying ET is important for the development of novel therapeutic treatments for sepsis and septic shock. It has previously been demonstrated that loss of Figure 3 . RIP140 inhibits the efflux of cholesterol in macrophages. Modification of LDL elevates RIP140 and reduces miR33 expression levels in macrophages. Overexpression of RIP140 in macrophages inhibits LXR-mediated ABCA1 and ABCG1 signaling pathways, which inhibits transport of cholesterol across the membrane. During these processes, ABCA1, ABCG1, apoAI and HDL collectively mediate cholesterol efflux. RIP140, receptor interacting protein 140; LDL, low-density lipoprotein; miR33, microRNA 33; LXR, liver X receptor; ABCA1, ATP-binding membrane cassette transporter member A1; ABCG1, ATP-binding cassette subfamily G member 1; apoAI, apolipoprotein AI; HDL, high-density lipoprotein; LDLR, low-density lipoprotein receptor.
RelA binding, histone modifications and chromatin remodeling are essential factors for the development of ET (60) . However, the specific mechanisms underlying these alterations remain to be elucidated. Previous studies have demonstrated that RIP140 functions as a co-activator of the NF-κB/RelA-mediated inflammatory response by recruiting cAMP response element binding protein-binding protein (CBP) to promote the expression of TLR4-induced pro-inflammatory cytokines, including TNFα, IL-1β and IL-6 (Fig. 4A) (10,11) . It has previously been demonstrated that RIP140 degradation is critical for LPS-induced ET (11) . The suppressor of cytokine signaling 1 (SOCS1)-RING-box protein 1 (Rbx1) has been revealed to interact with RelA and promote RelA degradation in cell nuclei. RIP140 interacts with RelA to co-activate SOCS1-Rbx1 transcriptional activity. In addition, RIP140 interacts with RelA to mediate the recruitment of SOCS1-Rbx1 E3 ligase. SOCS1 and Rbx1 may promote RIP140 ubiquitination, which is required for RIP140 degradation (11) . In addition, LPS activates spleen tyrosine kinase (Syk)-mediated phosphorylation of RIP140 on Tyr364, Tyr418 and Tyr436 residues, thus facilitating its ubiquitination and inducing ET (11) . RelA-mediated SOCS1-Rbx1 E3 ligase recruitment and Syk-mediated tyrosine phosphorylation are necessary for LPS-induced RIP140 degradation (Fig. 4B) (11) . Interferon-γ (IFN-γ) activates macrophages to amplify the inflammatory response and promote the expression of pro-inflammatory cytokines that abrogate ET (61) . Pre-treatment of macrophages with IFN-γ inhibits RIP140 degradation, and overexpression of non-degradable RIP140 effectively diminishes LPS-induced ET in vitro and in vivo (11).
Conclusions and future directions
Type 2 diabetes, cardiovascular diseases, sepsis and septic shock are the most common diseases with major societal implications (11, 13, 41) . These diseases are all macrophage-meditated inflammatory diseases; Sepsis and septic shock may additionally be classified as acute inflammatory diseases. However, chronic inflammatory diseases, including diabetes and cardiovascular diseases may be more harmful than acute diseases, and it is important to investigate the underlying molecular mechanisms involved. RIP140 functions as a nuclear receptor and co-regulator that is involved in insulin resistance, atherosclerosis, sepsis and ET (13, 41) .
In mice with high-fat diet-induced obesity, macrophages with high expression levels of RIP140 accumulate in adipose tissues (23) . Elevation of RIP140 induces M1 polarization in macrophages and facilitates the release of FFAs, which subsequently results in insulin resistance of skeletal muscles (15, (35) (36) (37) . In mice with hyperlipidemia, RIP140 suppresses the expression of ABCA1 and ABCG1 in macrophages (47) . Inhibition of the efflux of cholesterol then contributes to foam cell formation and atherosclerosis (47) . In acute inflammatory diseases, Figure 4 . (A) RIP140-mediated pro-inflammatory response in macrophages. LPS mediates the inflammatory response by activating TLR4 on the cell membrane. TLR4 subsequently activates NF-κB via the MD-2/MyD88/IRAK4/NF-κB signaling pathway. RIP140 serves as a co-activator for the NF-κB/RelA-mediated inflammatory response by recruiting CBP to promote the expression of TLR4-induced pro-inflammatory cytokines, including TNFα, IL-1β and IL-6. (B) Degradation of RIP140 meditates LPS-induced ET. A low dose of LPS activates NF-κB/RelA by interacting with TLR4. RIP140 interacts with RelA to co-activate SOCS1-Rbx1 transcriptional activity, which results in the recruitment of SOCS1-Rbx1 E3 ligase. SOCS1 and Rbx1 may promote RIP140 ubiquitination, which is required for RIP140 degradation. In addition, LPS activates Syk-mediated phosphorylation of RIP140, which leads to its ubiquitination and induces ET. RelA-mediated SOCS1-Rbx1 E3 ligase recruitment and Syk-mediated tyrosine phosphorylation are necessary for LPS-induced RIP140 degradation. Degradation of RIP140 in macrophages reduces the production of inflammatory factors including TNFα, IL-1β and IL-6. RIP140, receptor interacting protein 140; LPS, lipopolysaccharide; TLR4, toll-like receptor 4; NF-κB, nuclear factor-κB; MD-2, myeloid differentiation protein-2; MyD88, myeloid differentiation primary response gene 88; IRAK4, IL-1 receptor-associated kinase 4; CBP, cAMP response element binding protein-binding protein; TNF-α, tumor necrosis factor-α; IL, interleukin; ET, endotoxin tolerance; SOCS1, suppressor of cytokine signaling 1; Rbx1, RING-box protein 1; Syk, spleen tyrosine kinase.
RIP140 serves as a co-activator for the NF-κB/RelA-mediated inflammatory response by recruiting CBP to promote expression of TLR4-induced pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6 (11). Furthermore, inflammatory cells that are repeatedly stimulated with low-dose LPS develop ET (12) . The underlying mechanism involves degradation of RIP140 via interaction with RelA, the SOCS1-Rbx1 E3 ligase and Syk, and the subsequent reduction of the inflammatory cytokine expression, which contributes to ET (11) . Despite ongoing research regarding the role of RIP140 in inflammatory diseases, further studies are required to determine the underlying molecular mechanisms involved in ET (1-4) . Verifying the clinical relevance of RIP140 as a prognostic marker may be beneficial for the diagnosis and treatment of these diseases. In addition, intestinal LSP-mediated excessive activation of hepatic macrophages, such as Kupffer cells (KCs), may be important in liver ischemia-reperfusion injury following liver transplantation (62) . Investigating whether RIP140 may reduce liver ischemia-reperfusion injury during liver transplantation via inducing ET of KCs is a focus of current research, which may facilitate an improved understanding of the role of RIP140 in the inflammatory response.
